Fifteen nodulins and several nodule-stimulated gene products were expressed in effective, nitrogen-fixing root nodules of white sweetclover {Melilotus alba Desr. cv. U389), as determined by two-dimensional gel electrophoresis of in vitro translation products. The number and gel position of eight leghaemoglobin (Lb) products, as well as a product tentatively identified as nodule-stimulated glutamine synthetase (GS), was similar to previous reports of alfalfa {Medicago sativa L. cv. Iroquois) nodulins. Three mutants of Rhizobium meliloti, including an exoH mutant, a lipopolysaccharide mutant, and a nifH mutant, elicited ineffective sweetclover nodules blocked at empty (bacteria-free), partially infected, or fully infected stages of nodule development, respectively. In these ineffective nodules, the nodulin Nma30 and nodule-stimulated NSTma42 were expressed early in development, while a group of four nodulins and two nodule-stimulated products were intermediate in order of expression. Lb, GS and the late nodulin Nma12a were expressed later, following infection. The exoH mutant, Rm7154, appeared to be a leaky mutant, as a small percentage of the plants developed nitrogen-fixing nodules about 4 weeks after inoculation. The sequential expression of a large number of nodulins and nodule-stimulated products, as well as the availability of sweetclover nodulation mutants indicates that sweetclover is a useful diploid system for analysis of host genes essential to the Rhizobium/legume symbiosis.
Introduction
The symbiotic interaction between homologous species of Rhizobium or Bradyrhizobium and members of the legume family results in novel patterns of gene expression during the development of nitrogen-fixing root nodules on the host plant (Fisher and Long, 1992) . Nodule-specific proteins, termed nodulins (reviewed in Sanchez et al., 1991) , have been identified in nodules of soybean (Glycine max, Fuller et al., 1983) , pea {Pisum sativum, Govers et al., 1985) , and alfalfa (Medicago sativa, Vance et al., 1985; Lullien et al., 1987; Dickstein et al., 1988; Norris et al., 1988) , among others. The genes encoding a number of nodulins have been cloned; for example, leghaemoglobin (Lb) (Brisson and Verma, 1982) , nodule-specific glutamine synthetase (GS) (Cullimore et al., 1984) , several proline-rich polypeptides expressed early in nodule development such as ENOD2 and ENOD12 (Franssen et al., 1987; Scheres et al., 1990) , and the novel early nodulin ENOD8 (Dickstein et al., 1993) .
By characterizing gene expression in developmentally blocked ineffective nodules elicited by mutant strains of Rhizobium, it is possible to group nodulins into those expressed during early or later nodule development (Govers et al., 1985) . Examples of nodules arrested early in development include ineffective alfalfa nodules elicited by R. meliloti mutants defective in exopolysaccharide (EPS) synthesis (exo) (Finan et al., 1985; Leigh et al., 1987) , nodules elicited by R. meliloti mutants defective in cyclic glucan production (ndv) (Dylan et al., 1986) , nodules elicited by R. meliloti mutants defective in haem biosynthesis (hemA) (Leong et al., 1982) , and pseudonodules elicited by Agrobacterium tumefaciens transconjugants carrying R. meliloti nodulation genes . All of these ineffective nodules or pseudonodules, elicited under a variety of conditions, express the early nodulins ENOD2 and Nms30 (Dickstein et al, 1988 (Dickstein et al, , 1991 Norris et al, 1988; van de Wiel et al, 1990) . A 30 kDa nodulin similar to Nms30 is also the major nodule-specific in vitro translation product in 'tumourlike' nodules on a mutant in the alfalfa gene in 3 (Egli et al., 1991) .
Alfalfa nodulins expressed later in development, such as Lb, are expressed in partially or fully infected ineffective nodules elicited by an IpsB mutant of R. meliloti (Norris et al, 1988) , mutants of R. meliloti lacking nitrogenase activity (nif) (Dickstein et al, 1988; Dunn et al, 1988; Norris et al, 1988) , and mutants blocked in bacteroid development (bacA), which also induce expression of the late nodulin Nms22 (Allen et al, 1992) .
While the alfalfa-Rhizobium interaction has been a useful model system for characterizing nodule initiation and elucidating the role of the nod genes of R. meliloti in production of lipo-oligosaccharide nodulation factors (Fisher and Long, 1992; Denarie and Cullimore, 1993) , the tetraploid nature of alfalfa limits its use in genetic analysis of host genes essential to nodule development. Only three naturally occurring alfalfa symbiotic mutants have been isolated (Peterson and Barnes, 1981) . One symbiotic mutant has been recently reported (Benaben et al, 1995) in the diploid Medicago truncatula, proposed as a model system for analysis of plant symbiotic genes (Barker et al, 1990) . The diploid white sweetclover, Melilotus alba Desr. cv. U389, a forage legume also infected by R. meliloti, is proposed as an alternative model system (Utrup et al, 1993) . Sweetclover mutants have been isolated in five loci essential to effective symbiosis (Kneen and LaRue, 1988; Miller et al, 1991) . Each of the sweetclover mutants has a unique phenotype, with both non-nodulating mutants and mutants forming ineffective nodules represented; differences are also observed in the root hair curling response of the mutants and in the occurrence of infection threads (Utrup et al, 1993) .
In order to characterize nodule development in sweetclover further, nodulin gene expression in wild-type sweetclover infected by R. meliloti has been analysed. Additionally, the order of expression of the observed nodulins has been partially determined by analysis of nodulin gene expression in ineffective nodules induced by mutant strains of R. meliloti. To elicit ineffective sweetclover nodules devoid of bacteria, an exoH mutant of R. meliloti was chosen that elicits ineffective nodules on alfalfa containing aborted infection threads and no intracellular bacteria or bacteroids (Leigh et al, 1987) . Nodulin gene expression in partially infected sweetclover nodules elicited by a lipopolysaccharide mutant, Rm5121, that elicits white, Fix~ nodules on alfalfa containing aborted infection threads and few bacteria was also examined (Norris et al, 1988) . Lastly, nodulin expression in ineffective sweetclover nodules infected by a ni/H mutant that elicits Fix" nodules containing bacteroids on alfalfa was analysed (Zimmerman et al, 1983) .
Materials and methods

Plant material
Seeds of white sweetclover (Melilotus alba Desr. cv. U389, PI 165554), generously provided by Dr Tom LaRue, Boyce Thompson Institute for Plant Research, Ithaca, NY, were surface-sterilized and inoculated with wild-type or mutant strains of R. meliloti 3d after planting (Utrup et al, 1993) . Growth conditions and measurement of acetylene reduction were as previously described (Utrup et al., 1993) . Nodules were harvested 18 d after inoculation, or as specified in the text; noninoculated root tissue (for controls) was harvested 15 d after planting.
Bacterial strains
The haloless, neomycin-resistant Tn5 mutant Rm7154, exoH (SB 154), was obtained from Dr John Leigh, University of Washington (Leigh et al, 1987) . The LPS mutant Rm5121 (EJ312), also known asfixH, elicits ineffective nodules in the EJ312 background used in this study. However, in an RmSU47 background, this mutant elicits effective nodules (Clover et al, 1989) . Rm5121 and wild-type RmlO21 were provided by Dr Ethan Signer, Massachusetts Institute of Technology. The nifH mutant, Rml491, was provided by Dr Fred Ausubel, Massachusetts General Hospital.
RNA isolation and in vitro translation
Total RNA was isolated by LiCl precipitation (Govers et al, 1985) from nodule or root tissue and translated in vitro in a rabbit reticulocyte system (New England Nuclear) with 35 [S]methionine, followed by two-dimensional polyacrylamide gel electrophoresis (PAGE) of the translation products, as previously described (Norris et al, 1988) . The p/ ranged from 3 on the left side to 10 on the right side of the gel as presented in the figures. Controls including RNA from effective nodules inoculated with RmlO21 and non-inoculated roots were analysed in each set of gels. Although the vertical migration of translation products in the second dimension occasionally varied slightly between gels from different focusing experiments, the characteristic pattern of the products enabled comparisons for the presence or absence of particular products with the control gels. For immunoprecipitation, translation reactions were conjugated with Lb antiserum, purified by Sepharose-Protein A (Pharmacia) chromatography, and separated by twodimensional PAGE (Norris et al, 1988) . Lb antiserum was generously provided by Dr Carroll Vance (University of Minnesota).
Results
Nodulin gene expression in effective nodules
Nitrogen-fixing nodules were apparent on white sweetclover infected by wild-type R. meliloti 1021 at 8-10 d after inoculation, with morphology similar to other indeterminate nodules, such as those of alfalfa (data not shown, Utrup et al, 1993) . Total RNA, purified from both nitrogen-fixing nodules and non-inoculated roots, was translated in vitro, followed by separation of the translation products by two-dimensional PAGE. Nodulins were identified by comparison of the gel pattern of in vitro translation products from nodule RNA with the pattern of in vitro translation products of RNA from non-inoculated roots (Govers et al., 1985; Norris et al., 1988) .
Using this method, 15 nodulins were detected in effective, nitrogen-fixing sweetclover nodules 18 d after inoculation with R. meliloti 1021 as shown in Plate IB (long arrows). The nodulins, ranging in molecular weight from 12 kDa to 30 kDa, were never observed on gels of translation products from root RNA (Plate 1A). Additionally, four nodule-stimulated products (NST), ranging in molecular weight from 40 kDa to 42 kDa, were expressed at a higher level in nodules than in roots (Plate IB, short arrows).
Eight sweetclover nodulins ranging from 12 kDa to 14 kDa were identified as Lb by immunoprecipitation (Norris et al., 1988) as shown in Plate 2. One 12 kDa nodulin, 12a (PlatelB), did not precipitate with the Lb antiserum, and thus does not appear to be an Lb product. The pattern of nodulins was identical for RNA isolated from nitrogen-fixing sweetclover nodules at 13, 18, 27, and 35 d after inoculation and for poly(A) nodule mRNA Plate 2. Immunoprecipitation of leghaemoglobin (Lb) nodulins from in vitro translation products of total RNA isolated from effective white sweetclover root nodules. Lb nodulins are designated by their molecular weight in kDa. Only the lower portion of the autoradiograph of the two-dimensional gel, which contained all of the visible signal, is shown.
purified by oligo dT cellulose chromatography (data not shown).
Nodulin gene expression in ineffective nodules
In order to determine which of the nodulins observed in nitrogen-fixing nodules might represent 'early' nodulins, nodulin gene expression was analysed in ineffective nodules elicited by mutant strains of R. meliloti. The EPS mutant exoli (Rm7154) elicited small, round, white nodules on sweetclover. At 13 d after inoculation with exoH, only one nodulin, Nma30 (long arrow, Plate 3A), and four nodule-stimulated (NST) translation products (short arrows) were expressed in sweetclover. Three of these NST products, NSTma24, NSTma22 and NSTma20, were not observed in translations from Fix" 1 " nodules induced by wild-type R. meliloti 1021 until 35 d after inoculation (data not shown). At 18 d after inoculation, four additional nodulins, Nma27a, Nma27b, Nma29a, and Nma29b, were present at low levels, and one additional nodule-stimulated product, NSTma40b, was observed (Plate 3B). No Lb translation products were observed at either of these time points. Nodules at 18 d after inoculation with the exoH mutant, like those at 13 d, were white and Fix" (acetylene reduction data not shown).
At 27 d after inoculation with the exoH mutant, however, 2 to 10 per cent of the plants contained nodules that were pink and Fix + , as determined by acetylene reduction (data not shown), and these plants were dark green and equivalent in height to plants inoculated with wild-type R. meliloti. In vitro translation of RNA from nodules 27 d after inoculation with the exoH mutant demonstrated the presence of all of the nodulins observed in Fix + nodules infected by wild-type R. meliloti, including all of the Lb translation products, as well as all the nodule-stimulated products (Plate 3C).
Bacteria recovered from the 27 d Fix + exoH nodules were haloless on 0.02% Calcofluor plates, neomycinresistant and induced white, Fix" nodules on sweetclover, suggesting no reversion or mutation had occurred (data not shown). The proportion of Fix + plants remained below 10% in plants observed up to 70 d after inoculation with the exoH mutant. Occasional pink, nitrogen-fixing nodules were also observed on alfalfa plants from 27-70 d after inoculation with Rm7154.
The LPS mutant, Rm5121, elicited ineffective, white nodules on sweetclover in which all of the nodulins and nodule-stimulated products observed in Fix" 1 " nodules induced by wild-type R. meliloti 1021 (Plate IB) were expressed, with the exception of NSTma40a (Plate 3D). The nodulin pattern did not change between 13 d and 25 d (shown in Plate 3D) after inoculation with Rm5121, although some translation products were more intense at the later time point. All of the Lb translation products were observed at all time points, although at much lower levels than in Fix" 1 " nodules. The nodule-stimulated products NSTma24, NSTma22 and NSTma20 observed in all exoH-induced nodules (Plate 3A, B, C) and nitrogenfixing nodules after 35 d, were also present in translations of RNA from Rm5121-induced nodules (Plate 3D).
The R. meliloti ni/H (nitrogenase) mutant Rml491 induced ineffective, pink nodules blocked late in development on sweetclover in which all the nodulins and nodulestimulated products observed in Fix" 1 " nodules induced by wild-type RmlO21 were expressed (Plate 4, compare to Plate IB). In addition, the nodule-stimulated group of NSTma24, NSTma22 and NSTma20 was also expressed in nodules induced by Rml491 27 d after inoculation (Plate 4).
Discussion
Symbiotic mutants of white sweetclover (Melilotus alba) in five genetic loci that are blocked at unique points in nodule development have recently been characterized (Utrup et al., 1993) . Diploid sweetclover is a useful alternative model system for studying indeterminate nodule development because it is infected by Rhizobium meliloti and exhibits a phenotype and nodule morphology very similar to that of alfalfa when inoculated with mutant strains of R. meliloti (Utrup et al., 1993; unpub- lished data). In this study, the nodulins expressed in wildtype sweetclover at different stages of nodule development have been identified.
The expression of 15 nodulins as nodule-specific in vitro translation products from effective root nodules of white sweetclover have been observed, as well as four to seven nodule-stimulated products, indicating that a relatively large number of nodulin genes were expressed in nitrogenfixing root nodules of this species. The pattern of nodulins on two-dimensional gels and immunoprecipitation from sweetclover was similar to that of nodulins that have been reported for alfalfa (Lullien et al., 1987; Dickstein et al., 1988; Norris et al., 1988; Egli et al., 1991) , particularly in the number and pattern of Lb products (Plate 2, compare with Fig. 2 in Norris et al., 1988) . However, unlike alfalfa, no Lb immunoprecipitation products above 14 kDa were observed in sweetclover.
Because of the similarities between the two-dimensional patterns of sweetclover and alfalfa, there is speculation that NSTma40a is likely to be GS, since its position on the gels was identical to the position of GS identified by immunoprecipitation in alfalfa (Norris et al., 1988) . The expression of NSTma40a in ineffective sweetclover nodules was also identical to the expression of GS in ineffect-ive alfalfa nodules elicited by the same R. meliloti strains (Norris et al, 1988) . Likewise, the early sweetclover nodulin Nma30 appears to be identical to Nms30 of alfalfa (Dickstein et al, 1988; Egli et al., 1991) , also designated n-38 (Leigh et al., 1987; Norris et al., 1988) .
Several of the nodulins and nodule-stimulated products observed in this study, including Nmal2a, Nma27a, Nma27b, Nma29a, Nma29b, NSTma40b, NSTma41, and NSTma42, appeared to be unique to sweetclover, based on their molecular weight and gel position. In order to characterize the expression of these sweetclover nodulins further, mutant strains of R. meliloti were used to elicit ineffective nodules blocked at different stages of nodule development.
To elicit sweetclover nodules blocked early in development, an exoH mutant, Rm7154, lacking the succinyl modification on the acidic EPS was chosen (Leigh et al., 1987) . The exopolysaccharides of R. meliloti, in particular, succinoglycan, appear to play a specific signalling role in nodule invasion in plants that form indeterminate nodules (Leigh and Coplin, 1992) . In ineffective sweetclover nodules elicited by this exoH mutant, the early nodulin Nma30 was expressed at 13 d after inoculation, as is Nms30 in alfalfa nodules elicited by this strain (Leigh et al., 1987) . The novel nodule-stimulated product NSTma42 was also expressed in sweetclover at this early stage of development.
Additional new patterns in nodulin gene expression were observed at later time points in ineffective sweetclover nodules elicited by the exoH mutant Rm7154. At 18 d after inoculation, the early nodulins and five additional sweetclover products not observed in alfalfa (Nma27a, Nma27b, Nma29a, Nma29b, and NSTma40b) were expressed in the white, ineffective nodules. At 27 d after inoculation, all of the remaining nodulins, including Lb, were expressed in pink, Fix + nodules found on a small proportion of the plants. The haloless phenotype of bacteria recovered from these Fix + nodules suggests that Rm7154 may be a delayed or leaky mutant. The level of successful infection by Rm7154 observed here was much lower than that obtained when either low molecular weight succinoglycan (Battisti et al., 1992) or low molecular weight EPS (Urzainqui and Walker, 1992) is added at the time of inoculation.
To elicit ineffective sweetclover nodules blocked at an intermediate stage of development, the lipopolysaccharide (LPS) mutant Rm5121 (EJ312y?.Y21) was chosen. It has been reported that the gene affecting LPS in this mutant is not essential to symbiosis because this mutation in an RmSU47 background elicits effective nodules (Clover et al., 1989) . Two recent reports suggest that LPS may substitute for the function of EPS in R. meliloti exo mutants (Williams et al., 1990; Putnoky et al., 1990) . Interestingly, the symbiotic phenotype of RmEJ312 is considerably less effective than that of RmSU47 (Clover et al., 1989) . There is speculation that the LPS gene mutated in Rm5121 may be compensating in some manner for deficiencies in the EPS of EJ312, similar to the two genes affecting LPS and symbiotic effectiveness in RmAK631 (Williams et al., 1990; Putnoky et al., 1990) . Additional reports have indicated a role for LPS in infection thread development in bean (Noel et al., 1986) , Vicia (de Maagd et al, 1989) and white clover (Dazzoer al, 1991) .
Ineffective sweetclover nodules induced by Rm5121 in the EJ312 background represented a middle point in development, expressing the early nodulin Nma30 and very low levels of leghaemoglobin, similar to alfalfa nodules induced by this strain (Norris et al, 1988) . However, sweetclover nodules elicited by Rm5121 also expressed the early nodule-stimulated product NSTma42, as well as the novel nodulins Nma27a, Nma27b, Nma29a, Nma29b, and nodule-stimulated NSTma40b and NSTma41, suggesting expression of this middle group of genes is regulated by a different mechanism than expression of late nodulins such as leghaemoglobin and GS.
Finally, to observe nodulins expressed late in development, ineffective, bacteroid-containing sweetclover nodules elicited by a ni/H mutant were analysed (Zimmerman et al, 1983) . In these nodules, expression of NSTma40a and all the nodulins and nodule-stimulated products observed in nitrogen-fixing nodules were found, confirming that the onset of nitrogen fixation is not a prerequisite for expression of GS and leghaemoglobin (Dunn et al, 1988; Dickstein et al, 1988; Norris et al, 1988; Walker and Coruzzi, 1989) . Sweetclover nodules elicited by the ni/H mutant differed from alfalfa in expressing a novel late nodulin, Nmal2a. Nmal2a does not appear to be a member of the leghaemoglobin family, based on its lack of reaction with leghaemoglobin antibody.
Three of the novel nodule-stimulated translation products seen in the ineffective sweetclover nodules elicited by the ni/H mutant, NSTma20, 22 and 24, were also observed in all the ineffective nodules elicited by the other mutant strains of R. meliloti used in this study, but were not observed in Fix + nodules until 35 d after inoculation. These three nodule-stimulated products may indeed be involved in nodule senescence.
In conclusion, the sequential expression of several unique nodulins and nodule-stimulated products in sweetclover has been observed, including the early nodulestimulated NSTma42, an intermediately expressed group of six nodulins and nodule-stimulated products, and the late nodulin Nmal2a. Cloning of these nodulins will determine if homologous genes occur in other legumes. The sweetclover mutants (Miller et al, 1991; Utrup et al, 1993) are currently being analysed for expression of the nodulins observed in this study, as well as additional early nodulins such as ENOD2 (Franssen et ai, 1987; Dickstein et ai, 1988) .
